Although TP53 mutations are rare in Bcell chronic lymphocytic leukemia (CLL), Mdm2 overexpression has been reported as an alternative cause of p53 dysfunction. We investigated the potential therapeutic use of nongenotoxic p53 activation by a small-molecule antagonist of Mdm2, Nutlin-3a, in CLL. Nutlin-3a induced significant apoptosis in 30 (91%) of 33 samples from previously untreated patients with CLL; all resistant samples had TP53 mutations. Low levels of Atm (ataxia telangiectasia mutated) or high levels of Mdm2 (murine double minute 2) did not prevent Nutlin-3a from inducing apoptosis. Nutlin-3a used transcriptiondependent and transcription-independent pathways to induce p53-mediated apoptosis. Predominant activation of the transcription-independent pathway induced more pronounced apoptosis than that of the transcription-dependent pathway, suggesting that activation of the transcription-independent pathway is sufficient to initiate p53-mediated apoptosis in CLL. Combination treatment of Nutlin-3a and fludarabine synergistically increased p53 levels, and induced conformational change of Bax and apoptosis in wild-type p53 cells but not in cells with mutant p53. The synergistic apoptotic effect was maintained in samples with low Atm that were fludarabine resistant. Results suggest that the nongenotoxic activation of p53 by targeting the Mdm2-p53 interaction provides a novel therapeutic strategy for CLL. (Blood. 2006;108:993-1000) 
Introduction
B-cell chronic lymphocytic leukemia (CLL) accounts for 25% of all leukemias and is the most common form of lymphoid malignancy in Western countries. 1 Treatment with the purine analog fludarabine, which is the current standard therapy for CLL, has been shown to increase the complete remission rate, enhance progression-free survival, and increase the median duration of the clinical response but not the survival in previously untreated patients with CLL, compared with treatment with chlorambucil alone or combination chemotherapy. [2] [3] [4] Although the introduction of fludarabine-based combination regimens has improved the overall success of CLL treatment, 5, 6 identification of novel therapies for CLL remains a high priority.
CLL is characterized by the accumulation of long-lived CD5 ϩ B lymphocytes that show resistance to apoptosis. The triphosphate of fludarabine is incorporated into the DNA of the quiescent CLL cells during repair DNA synthesis and induces DNA damage. [7] [8] [9] The DNA strand breaks can lead to the activation of p53 and p53dependent target genes, 10, 11 and it has been suggested that p53mediated induction of apoptosis primarily contributes to fludarabineinduced killing of CLL cells in vivo. 11, 12 It has also been reported that fludarabine can induce apoptosis of CLL cells in vitro in a p53-independent fashion, 13, 14 although the in vivo significance remains unknown. 11, 12 Clinically, the presence of p53 mutations in CLL cells is associated with decreased survival and resistance to fludarabine treatment. [15] [16] [17] Although TP53 mutations occur in only 5% to 10% of patients with CLL, 18 an alternative mechanism of inactivation of the p53 pathway, inactivation of the ATM (ataxia telangiectasia mutated) gene, has been reported. 19 Atm binds directly to p53 and is responsible for phosphorylation of p53, thereby contributing to the activation and stabilization of p53 during ionizing radiationinduced DNA damage response. 20, 21 Total or partial inactivation of Atm protein expression has been observed in 20% to 40% of CLL patients, and ATM mutations have been demonstrated in a substantial proportion of such cases. 22, 23 Some authors have postulated that in patients with low Atm levels, p53 may not be sufficiently activated for induction of apoptosis in response to DNA-damaging agents. 19 Mdm2 overexpression has been reported to be a potential cause of p53 dysfunction in CLL. 24, 25 Mdm2, a p53-specific E3 ubiquitin ligase, is a principal cellular antagonist of p53 and mediates the ubiquitin-dependent degradation of p53. 26 Mdm2, which can enhance tumorigenic potential and resistance to apoptosis, has been reported to be overexpressed in 50% to 70% of patients with CLL. 24, 25 However, the impact of Mdm2 overexpression on p53 dysfunction remains controversial, and a recent study has suggested that p53 activation in CLL cells is largely unaffected by variations in basal levels of Mdm2. 19 Nutlins are potent and selective small-molecule antagonists of Mdm2 that bind Mdm2 in the p53-binding pocket and activate the p53 pathway in cells with wild-type p53. 27 Recently, we have reported that Nutlins efficiently induce p53-dependent apoptosis in acute myeloid leukemia (AML) cells that harbor wild-type p53 and that high levels of Mdm2 overexpression in AML cells were associated with higher susceptibility to Nutlin-induced apoptosis. 28 It has also been described that Nutlins can activate p53 signaling independently of phosphorylation of p53. 29 It is therefore possible that Nutlins can overcome functional p53 inactivation associated with Mdm2 overexpression or Atm deficiency in CLL. p53 has transcription-dependent and transcription-independent proapoptotic activities. p53 transcriptionally induces the proapoptotic BH3-only proteins Noxa and Puma, which indirectly promote Bax/Bak activation by inhibiting the functions of antiapoptotic Bcl-2 or Bcl-X L . 30 p53 can also trigger mitochondrial outer membrane permeabilization and apoptosis in the absence of transcription, through direct activation of Bax or Bak or through binding to Bcl-2 or Bcl-X L . 30 We have shown that both transcriptiondependent and transcription-independent pathways are operational in p53-dependent apoptosis in AML. 28 However, the quantitative contribution of transcription-dependent and transcription-independent pathways to total p53-mediated apoptosis remains unclear.
In this study, we investigated the potential therapeutic use of p53 activation by Mdm2 antagonists in CLL. We found that (1) Mdm2 inhibition efficiently induces p53-mediated apoptosis in CLL cells independent of Mdm2 or Atm expression levels, (2) transcription-dependent apoptosis may not always be the major mode by which p53 induces apoptosis and that the exclusive activation of the transcription-independent pathway can fully induce apoptosis, and (3) Nutlin-3a and fludarabine synergistically induce p53-mediated apoptosis in CLL cells, which may overcome fludarabine resistance in CLL.
Materials and methods

Reagents
The selective small-molecule antagonist of MDM2, Nutlin-3a (kindly provided by Dr Lyubomir T. Vassilev, Hoffmann-La Roche, Nutley, NJ), 27 and 9-␤-D-arabinofuranosyl-2-fluoroadenine (F-ara-A, fludarabine) were used. In some experiments, cells were cultured with 3.5 M cycloheximide (Sigma-Aldrich, St Louis, MO) or 200 M Z-VAD-FMK (Alexis, San Diego, CA). Cycloheximide and Z-VAD-FMK were added to the cells 1 hour before drug administration. The final dimethyl sulfoxide (DMSO) concentration in the medium did not exceed 0.1% (vol/vol). At this concentration, DMSO itself did not induce apoptosis up to 72 hours in primary CLL cells.
Primary samples and cell cultures
Heparinized peripheral-blood samples were obtained from previously untreated CLL patients with more than 70% malignant cells after informed consent, in accordance with institutional guidelines and the Declaration of Helsinki. Mononuclear cells were purified by Ficoll-Hypaque (Sigma Chemical, St Louis, MO) density-gradient centrifugation, and nonadherent cells were resuspended in RPMI 1640 medium supplemented with 10% FCS at a density of 5 ϫ 10 5 cell/mL. Cells were treated with Nutlin-3a or F-ara-A, both at 1, 2.5, 5, or 10 M, and were incubated for 72 hours at 37°C and 5% CO 2 in a humidified atmosphere. In the combination experiments of Nutlin-3a and F-ara-A, the 2 agents were added simultaneously to cells at a fixed-concentration ratio (1:1) and the cells were incubated for 72 hours.
Apoptosis analysis
Evaluation of apoptosis by the annexin V-propidium iodide (PI) binding assay was performed as described. 28 The extent of apoptosis was quantified as percentage of annexin V-positive cells, and the extent of drug-specific apoptosis was assessed by the following formula: percent specific apoptosis ϭ (test Ϫ control) ϫ 100/(100 Ϫ control). In the formula, the numerator is the actual amount of killing that occurred, and the denominator is the potential amount of killing that could occur. To measure mitochondrial membrane potential (⌬⌿ m ), cells were loaded with MitoTracker Red CMXRos (300 nM) and MitoTracker Green (100 M; both from Molecular Probes, Eugene, OR) for 1 hour at 37°C. The ⌬⌿ m was then assessed by measuring CMXRos retention (red fluorescence) while simultaneously adjusting for mitochondrial mass (green fluorescence).
Western blot analysis
Western blot analysis was performed as previously described. 28 The following antibodies were used: rabbit polyclonal anti-p53 (FL-393; Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-phospho-p53 (Ser 15 , 16G8; Cell Signaling Technology, Beverly, MA); mouse monoclonal anti-Mdm2 (D-12; Santa Cruz Biotechnology); rabbit polyclonal anti-Puma (Ab-1; EMD Biosciences, San Diego, CA); rabbit polyclonal anti-Bax (BD Biosciences, San Jose, CA); rabbit polyclonal anti-Atm (Ab-3; Oncogene Research, Cambridge, MA); and mouse monoclonal anti-␤-actin (AC-74; Sigma Chemical).
Quantitation of intracellular protein by flow cytometry
For intracellular p53 detection, cells were fixed with 2% paraformaldehyde, permeabilized with 100% ice-cold methanol, and incubated for 1 hour at 4°C with fluorescein isothiocyanate (FITC)-conjugated antibody against p53 or its isotypic control (FITC-conjugated p53 antibody reagent set; BD Biosciences). Involvement of Bax conformational change was analyzed by means of an antibody directed against the NH 2 -terminal region of Bax (YTH-6A7; Trevigen, Gaithersburg, MD). 31 Cellular fixation, permeabilization, and staining with primary antibody or an isotypic control were performed using the Dako IntraStain kit (Dako Cytomation, Carpinteria, CA), according to the manufacturer's instructions. After washing, cells were incubated with Alexa Fluor 488 chicken antimouse secondary antibodies (Molecular Probes) for 30 minutes at 4°C.
Immunofluorescence and confocal microscopy
Immunofluorescence and confocal microscopic examination were performed as previously described, 28 with minor modification. Cells were washed twice with PBS, fixed with 2% paraformaldehyde, and permeabilized with ice-cold 100% methanol. The cells were blocked in 5% normal goat serum for 30 minutes, followed by incubation overnight at 4°C with rabbit polyclonal anti-p53 antibodies FL-393 (1:100 vol/vol; Santa Cruz Biotechnology) and mouse monoclonal anti-cytochrome c oxidase IV (10G8, 1 g/mL; Molecular Probes). After washing, cells were incubated with Alexa Fluor 488 chicken antirabbit secondary antibody and Alexa Fluor 594 chicken antimouse secondary antibody (Molecular Probes) diluted in 5% normal goat serum for 30 minutes at 4°C. Nuclei were counterstained with DAPI (4Ј,6-diamidino-2-phenylindole). Images were obtained using a 60 ϫ /1.40 PlanApo objective lens on an Olympus FV500 confocal microscope with Fluoview version 4.3 software (Olympus, Melville, NY).
Reverse-transcription-polymerase chain reaction (RT-PCR) and DNA sequencing of p53
Based on the low incidence of p53 mutation and reported association between p53 status and cell response to Nutlins, 27,28,32 sequence analysis of p53 was performed in Nutlin-resistant cases and in selected Nutlin-sensitive cases. The methodology was previously described. 28 
Statistical analysis
The statistical analysis was performed using the 2-tailed Student t test and the Pearson correlation coefficient. Statistical significance was considered when P values were less than .05. Unless otherwise indicated, average values were expressed as mean plus or minus SEM. Synergism, additive effects, and antagonism were assessed as previously described. 28 The combination index (CI), a numeric description of combination effects, was calculated using the more stringent statistical assumption of mutually nonexclusive modes of action. When CI ϭ 1, this equation represents the conservation isobologram and indicates additive effects. CI values less than 1.0 indicate a more than expected additive effect (synergism), while CI values more than 1.0 indicate antagonism between the 2 drugs.
Results
Nutlin-3a induces apoptosis, which is enhanced by combination with F-ara-A, in CLL cells
First, we examined the apoptotic effect of the Mdm2 inhibitor on primary cells from 33 patients with CLL. The patient characteristics are summarized in Table 1 . Spontaneous apoptosis as determined by annexin V positivity in the series was 15.0% Ϯ 1.5% (range, 2.1%-36.2%) at 24 hours and 25.9% Ϯ 2.4% (range, 1.6%-48.5%) at 72 hours. Cells from 30 cases showed more than 30% increase in the proportion of annexin V-binding cells after 72-hour treatment with 10 M Nutlin-3a. The residual 3 cases showed a minimal increase in the proportion of annexin V-binding cells even after 72-hour exposure to 10 M Nutlin-3a (4%-8% specific apoptosis), and were found to have mutant p53 (TCCϾTTC; S127F in patient no. 2, AGTϾGGT; S115G in patient no. 28 and CGAϾTGA; R123X in patient no. 33). The close relation between p53 status of cells and apoptotic sensitivity to Nutlins has been already established. 27, 28, 32 Treatment of the 30 primary CLL samples with Nutlin-3a caused a dose-and time-dependent increase in the percentage of annexin V-positive cells ( Figure 1 ). The percentages of cells undergoing specific apoptosis at 24 hours after exposure to 1, 2.5, 5, and 10 M Nutlin-3a were 6.3% Ϯ 1.1%, 16.8% Ϯ 2.1%, 28.6% Ϯ 2.5%, and 40.1% Ϯ 2.5%, respectively, and 15.4% Ϯ 2.2%, 42.7% Ϯ 3.6%, 64.2% Ϯ 3.2%, and 74.3% Ϯ 2.8% after 72 hours, respectively. CLL cells were also treated with F-ara-A, and annexin V-positive fractions were determined. F-ara-A also induced apoptosis in 30 Nutlin-sensitive samples in a dose-and time-dependent manner ( Figure 1 ). The percentages of specific apoptosis at 24 hours after exposure to 1, 2.5, 5, and 10 M F-ara-A were 7.8% Ϯ 1.9%, 16.2% Ϯ 2.5%, 21.5% Ϯ 2.8%, and 27.8% Ϯ 3.1%, respectively, and increased to 46.8% Ϯ 3.9%, 70.2% Ϯ 2.1%, 77.9% Ϯ 2.0%, and 82.5% Ϯ 1.7% after 72-hour exposure, respectively. Results in 3 mutant p53 cases were intriguing: these Nutlin-resistant samples were also resistant to F-ara-A-induced apoptosis at 24 hours, with only 0% to 5% specific apoptosis after exposure to 10 M F-ara-A. The percentages sharply contrasted with those in Nutlin-sensitive cases (2.3% Ϯ 1.4% versus 27.8% Ϯ 3.1%; P Ͻ .05), implying that the apoptotic activity of F-ara-A in the early time period largely depends on the p53 pathway. The percentages increased to some extent at 72 hours (23%-34%), though they were significantly lower compared with Nutlin-sensitive cases (29.6% Ϯ 3.4% versus 82.5% Ϯ 1.7%; P Ͻ .01). This delayed induction of apoptosis by F-ara-A in mutant p53 cases may reflect its p53-independent apoptotic activity.
To determine the combined effects of Nutlin-3a and F-ara-A, we exposed cells from 30 Nutlin-sensitive samples to Nutlin-3a and F-ara-A (0, 1, 2.5, 5, or 10 M), using a fixed-ratio (1:1) experimental design. The percentages of specific apoptosis in the combination treatment group at the concentration of 1, 2.5, 5, and 10 M were 21.0% Ϯ 3.2%, 44.0% Ϯ 3.2%, 54.0% Ϯ 2.8%, and 60.6% Ϯ 2.7% after 24-hour incubation, respectively, and increased at 72 hours to 65.9% Ϯ 3.0%, 81.1% Ϯ 2.2%, 85.7% Ϯ 1.8%, and 88.1% Ϯ 1.7%, respectively ( Figure 1 ). Based on the range of apoptotic effects (21.0%-60.6% at 24 hours and 65.9%-85.7% at 72 hours in the combination treatment group), the CI values for ED 50 and ED 75 were considered to directly reflect their combination effect at 24 and 72 hours, respectively. The CI values were 0.50 for ED 50 at 24 hours and 0.66 for ED 75 at 72 hours, indicating a synergistic interaction of Nutlin-3a and F-ara-A in induction of apoptosis (Table 2) . At 72 hours, the apoptotic effects of F-ara-A or of the Nutlin-3a/F-ara-A combination appeared to reach their maximums at 2.5 M (Figure 1 ), a finding that might explain the relatively high CI value (1.39) for ED 90 at 72 hours. The averaged CI values were also calculated from the values for ED 50 , ED 75 , and ED 90 , and were 0.65 at 24 hours and 0.81 at 72 hours. The CI value for ED 50 at 24 hours was individually calculated in 23 cases in which the maximal percentage of specific apoptosis exceeded 50%. The CI values for ED 50 ranged from 0.1 to 1.3 (median, 0.63) and were less than 1.0 in 19 (83%) of the 23 cases. These findings suggest that Nutlin-3a synergizes with F-ara-A to induce apoptosis in CLL cells.
Early stage of apoptosis induction by F-ara-A in CLL cells in vitro is p53 dependent
Fludarabine has been shown to depend on p53-mediated induction of apoptosis for its cytotoxicity in vivo, but the extent of contribution of p53 signaling to the total apoptotic potential of fludarabine in vitro remains unknown. [11] [12] [13] [14] We correlated the extent of apoptosis induced by 1, 2.5, 5, or 10 M Nutlin-3a with that induced by the same molar concentration of F-ara-A. The levels of F-ara-A-induced apoptosis directly correlated (r ϭ 0.811; P Ͻ .001) with these induced by Nutlin-3a at 24 hours (Figure 2 ). It is unlikely that the strong correlation merely reflects similar doseresponse curves between Nutlin-3a and F-ara-A, since the direct correlation was seen in each specific concentration group where the apoptotic response to treatment widely differed among samples ( Figure 2) . A positive correlation of F-ara-A-induced apoptosis levels with those induced by Nutlin-3a was also seen at 72 hours (r ϭ 0.747; P Ͻ .001) ( Figure 2 ). Of interest, the Y-intercept value of the regression line generated from 72-hour data was 0.43, which sharply contrasts with the nearly equal zero value (0.0097) at 24 hours. Considering the specific activation of p53 signaling in Nutlin-3a-treated cells, 27, 28 diverse susceptibilities of cell samples to Nutlin-induced apoptosis, and the p53-independent apoptogenic activity of F-ara-A at 72 hours in mutant p53 cases, it seems likely that F-ara-A primarily induces p53-dependent apoptosis in the first 24 hours and later shows p53-dependent and p53-independent activities.
Nutlin-3a and F-ara-A synergistically induce p53 and activate Bax p53 activation in the first 24 hours after F-ara-A treatment was seen in a primary CLL sample with wild-type p53 (patient no. 16 ), in which p53 phosphorylation at Ser 15 and p53 accumulation were detectable at 3 hours after exposure to 5 M F-ara-A ( Figure 3) . The F-ara-A-induced p53 levels at 3 and 6 hours were lower than those induced by the same molar concentrations of Nutlin-3a, probably because of the indirect induction of p53 through DNA damage in F-ara-A-treated cells. p53 induction was followed by increased levels of BH3-only protein Puma. PUMA is one of the p53 target genes, and Puma has been shown to be a mediator of p53-mediated apoptosis in CLL. 33 Nutlin-3a treatment caused rapid accumulation of p53 that is mostly unphosphorylated at Ser 15 , followed by Mdm2 and Puma induction. Notably, the degree of Puma induction was more pronounced in cells simultaneously treated with F-ara-A and Nutlin-3a. Bax expression levels did not change significantly. Similar findings were obtained in an additional wild-type p53 sample from patient no. 18. For a more quantitative and sensitive analysis of p53 induction after treatment, p53 levels were measured at the single-cell level in 8 wild-type p53 samples (patients nos. 4, [9] [10] [11] 27 , and 30-32) and 2 mutant p53 samples (patients nos. 28 and 33) by means of flow cytometry. As shown in Figure 4A , cells treated with 5 M F-ara-A or 5 M Nutlin-3a for 24 hours showed mild to moderate increases in p53 levels in samples with wild-type p53. The increase became evident when the 2 compounds were combined, indicating a synergistic induction of p53 by F-ara-A and Nutlin-3a. The synergistic effect was also seen in wild-type p53 cases with low Atm levels (patients nos. 9 and 10) but not in mutant p53 cases (patients nos. 28 and 33). Proapoptotic protein Bax is one of the critical mediators of the downstream p53 signaling, and Bax activation is associated with its conformational change. 31, 34, 35 Involvement of Bax conformational change was analyzed in primary samples from patients nos. 27 and 28 by means of a conformation-specific antibody directed against the NH 2 -terminal region of Bax (clone YTH-6A7). Patient no. 27 had wild-type p53, while patient no. 28 had mutant p53. Cells were preincubated in the presence of 200 M Z-VAD-FMK prior to the addition of 5 M F-ara-A, 5 M Nutlin-3a, or both, to inhibit caspase activation-mediated conformational change of Bax. 31, 34 As shown in Figure 4B , only a few control cells were positive with this antibody. An increase in the percentage of Bax-positive cells was seen following 24-hour incubation with F-ara-A or Nutlin-3a when compared with control cells only in cases with wild-type p53, indicating that F-ara-A induces Bax conformational change via p53 signaling. Of interest, in a case with wild-type p53, combination treatment induced Bax conformational change in a large proportion of cells, which is in accordance with the synergistic induction of apoptosis and p53 accumulation by simultaneous F-ara-A/ Nutlin-3a treatment. Synergistic Bax activation by F-ara-A and Nutlin-3a was confirmed in 2 additional wild-type p53 samples from patients nos. 22 and 30. Taken together, p53 plays a central role both in apoptosis induction by F-ara-A alone and in its synergistic action with Nutlin-3a in the early period after exposure.
Both transcription-dependent and transcription-independent apoptosis pathways are operational in p53-dependent apoptosis in CLL
Transcriptional activation of target genes of p53 occurs in the nucleus, while cytoplasmic p53 mediates transcription-independent apoptosis if p53 levels reach a certain threshold. 30 We determined the intracellular localization of p53 in 20 Nutlinsensitive samples using confocal microscopy. In each experiment, 200 cells were examined. A small amount of p53 was diffusely distributed in untreated cells (not shown). After 6-hour treatment with 5 M Nutlin-3a, individual cells showed either cytoplasmic, cytoplasmic and nuclear, or nuclear accumulation of p53. Of interest, the primary p53 localization patterns were much different from case to case ( Figure 5A ). Cells showed primary p53 localization to the nucleus (Ն 70% cells showed nuclear accumulation of p53) in 8 samples, primary p53 localization to the cytoplasm (Ն 70% cells showed cytoplasmic accumulation) in 7 samples, and mixed localization pattern (mixture of cells with cytoplasmic or nuclear p53) in the residual 5 samples. Accumulated cytoplasmic p53 partially colocalized with the mitochondrial marker protein cytochrome c oxidase IV (yellow-orange areas in Figure 5B ). The percentages of specific annexin V induction at 24 hours after exposure to 5 M Nutlin-3a were 38.7% Ϯ 6.6% in cells with cytoplasmic localization, 32.8% Ϯ 5.5% with the mixed pattern, and 22.8% Ϯ 3.0% with nuclear localization. Samples with cytoplasmic p53 localization pattern showed a higher percentage of Nutlin-induced apoptosis than those with nuclear pattern (P Ͻ .05). For a more quantitative analysis of the relative contribution of transcription-dependent and transcription-independent pathways, the role of newly synthesized proteins in the initiation of apoptosis was assessed by treatment of cells from 30 Nutlin-sensitive cases with 10 M Nutlin-3a in the absence or presence of 3.5 M cycloheximide. In this analysis, we determined loss of ⌬⌿ m to assess the inhibitory effect of cycloheximide on apoptosis because it was more sensitive than annexin V staining in this setting. Treatment of cells with cycloheximide alone showed minimal apoptotic effect (7.3% Ϯ 2.0% specific apoptosis). The inhibitory effect of cycloheximide pretreatment on loss of ⌬⌿ m compared with Nutlin-3a alone varied widely, ranging from 0% to 93% (median effect, 51%). Fifteen of 30 cases showed 50% or less inhibition (transcription-independent apoptosis predominance; transcription-independent group), and the residual 15 cases, more than 50% inhibition (transcription-dependent apoptosis predominance; transcription-dependent group). The percentages of specific annexin V induction at 24 hours after exposure to 5 M Nutlin-3a were 34.5% Ϯ 3.7% in the transcription-independent group and 22.8% Ϯ 2.6% in the transcription-dependent group, showing a significant difference (P Ͻ .05). To see if the difference was attributable to the early timing of analysis, the extent of apoptosis after 72-hour treatment of 5 M Nutlin-3a was compared between the 2 groups. Again, there was a significant difference in percentages of specific annexin V induction between the transcriptionindependent group and the transcription-dependent group (72.5% Ϯ 3.1% versus 55.8% Ϯ 4.8%; P Ͻ .01). These findings suggest that activation of transcription-independent pathway can sufficiently launch p53-mediated apoptosis in CLL.
Mdm2 inhibitor induces apoptosis independently of Mdm2 or Atm status
To examine if Mdm2 overexpression or Atm deficiency blocks an apoptogenic effect of Nutlin-3a or F-ara-A, we investigated the protein levels of Mdm2 and Atm in CLL samples. The levels of Mdm2 were more than 2-fold higher in 15 of 30 primary CLL samples than that in normal bone marrow samples ( Figure 6A ). The frequency of cells with high Mdm2 (Ͼ ϫ 2) in CLL (50%) was similar to that in our previous series of 16 primary AML samples (63%). 28 On the other hand, the levels of Mdm2 expression in CLL were modest when compared with our previous series of primary AML samples (2.2% Ϯ 0.1% vs 3.9% Ϯ 0.7%, P Ͻ .01) in which 5 of 16 samples showed more than 5-fold higher levels of Mdm2 than controls. The percentages of specific annexin V induction at 72 hours by 5 M Nutlin-3a were similar between samples with low Mdm2 ( Յ ϫ 2; 59.5% Ϯ 5.0%) and those with high Mdm2 (Ͼϫ 2; 68.8% Ϯ 3.8%) (P ϭ .15) ( Figure 6A ), supporting the previous observation that Mdm2 overexpression is not an obstacle to Nutlin-induced apoptosis. 28 This observation was also true of F-ara-A. The percentages of specific annexin V induction at 24 hours by 5 M F-ara-A in samples with high Mdm2 (20.1% Ϯ 4.4%) were similar to those with low Mdm2 (23.0% Ϯ 3.7%) (P ϭ .61) ( Figure 6A ). Five samples from patients nos. 9, 10, 25, 27, and 32 (17%) showed a reduction in Atm expression to less than 50% of the level in normal peripheral-blood lymphocytes ( Figure 6B ). The percentages of specific annexin V induction at 72 hours by 5 M Nutlin-3a were similar between cases with high Atm (65.2% Ϯ 3.6%) and those with low Atm (58.9% Ϯ 6.7%) (P ϭ .47) ( Figure 6B ), indicating that the Mdm2 inhibitor can efficiently induce apoptosis in cases with low Atm. In contrast, the percentages of specific annexin V induction by 5 M F-ara-A were significantly different between cases with high Atm (24.0% Ϯ 3.2%) and those with low Atm (9.1% Ϯ 2.4%) (P Ͻ .05 at 24 hours) ( Figure 6B ), suggesting that F-ara-A may require Atm to fully induce apoptosis in the first 24 hours. The statistically significant difference between cases with high Atm (79.3% Ϯ 2.0%) and those with low Atm (70.9% Ϯ 5.8%) was lost at 72 hours (P ϭ .11). One explanation is that p53-independent activities of F-ara-A do not require Atm function and thus limited the impact of Atm on F-ara-A-induced late apoptosis. Neither high Mdm2 expression nor Atm deficiency was associated with the p53 localization pattern after Nutlin-3a treatment (not shown).
Efficacy of combined treatment with Nutlin-3a and F-ara-A is independent of low Atm cases
To determine if the synergistic apoptotic effect by Nutlin-3a and F-ara-A combination shown in Figure 1 is maintained in low Atm cases, the data at 24 hours from 30 Nutlin-sensitive samples were separately analyzed between low Atm cases (n ϭ 5) and those with high Atm (n ϭ 25). As shown in Figure 7 , the averaged CI values were similar between low Atm cases (0.44) and those with high Atm (0.69), suggesting that Nutlin-3a and F-ara-A act synergistically to induce apoptosis in CLL cells independent of ATM status. We also elucidated if the combination effect could be different between cases in which Nutlin-3a induced transcription-independent apoptosis and those with transcription-dependent apoptosis predominance. The averaged CI values at 24 hours in the transcription-independent and transcription-dependent groups were 0.54 and 0.78, respectively. It appeared that the synergism was similarly maintained in both subgroups.
Discussion
Mdm2 inhibition induced apoptosis in most CLL samples (30 [91%] of 33 cases) in a dose-and time-dependent manner, and the resistance to Nutlin-induced apoptosis was associated with TP53 mutations. Of importance, Atm deficiency that is a reported cause of p53 dysfunction in CLL did not inhibit Nutlin-induced apoptosis. Atm is implicated in p53 modifications including phosphorylation at Ser 15 and dephosphorylation at Ser 376 , 20, 21 which, in certain circumstances, diminish the Mdm2-p53 interaction and enhance transcriptional activity of p53. 36, 37 Nutlins are nongenotoxic and activate p53 by preventing it from binding to Mdm2. 27 They do not bind to p53 or interfere with its phosphorylation status. 27, 29 The Atm-independent apoptogenic activity of Nutlin-3a would suggest that it sufficiently disrupts Mdm2-p53 interaction in cases with Atm deficiency and that Atm-associated modification of p53 is dispensable for Nutlin-induced apoptosis. The latter notion is in agreement with the recent findings that Nutlins can activate p53 signaling independently of p53 phosphorylation on major serines. 29 In contrast, low Atm levels were associated with poor induction of apoptosis by F-ara-A, reflecting different modes of action between Nutlin-3a and F-ara-A in activating the p53 pathway. Regarding Mdm2, we found that high Mdm2 expression is not limiting Nutlin-induced apoptosis in CLL, which is consistent with our previous study in AML. 28 In contrast to AML, however, increasing Mdm2 levels were not associated with increased sensitivity to Nutlin-3a. Perhaps a threshold exists for Mdm2 above which levels correlate with cellular susceptibility to Nutlin-induced apoptosis.
We found that fludarabine uses p53-dependent and p53independent mechanisms to induce apoptosis of CLL cells in a time-specific fashion. Fludarabine induces p53-dependent apoptosis in the early time period (Ͻ 24 hours), and later both p53dependent and p53-independent mechanisms contribute to its apoptogenic activity. This finding is potentially important to in vitro studies that investigate the effect of fludarabine on CLL cells, because p53-mediated induction of apoptosis has been suggested to play a central role in the killing of CLL cells in vivo. 11, 12 It was of interest that Nutlin-3a and F-ara-A synergistically induced apoptosis in CLL cells. The synergism was evident at 24 hours of treatment when F-ara-A used p53-dependent mechanism to induce apoptosis. The combination treatment of cells with Nutlin-3a and F-ara-A cooperatively induced p53 and Bax conformational change in wild-type p53 but not in mutant p53 cells, further supporting the importance of p53 signaling for the synergistic interaction. We also found that the synergistic interaction between Nutlin-3a and F-ara-A in inducing p53 and apoptosis was maintained in cases with low Atm levels, providing further rationale for this combination strategy in the treatment of CLL that retains wild-type p53.
Aside from its proapoptotic function as a transcription factor, p53 has been recently shown to promote apoptosis independent of transcription. [38] [39] [40] [41] Better understanding the role of this mechanism versus that of transcriptional regulation will be important in elucidating all aspects of the apoptotic function of p53. We found that activated p53 used both transcription-dependent and transcription-independent pathways to induce apoptosis in CLL cells. The relative contribution of the 2 pathways to total p53-mediated apoptosis differed widely from case to case. Of interest, activation of the transcription-independent pathway was associated with more profound apoptosis than that of the transcription-dependent pathway. This was not merely attributable to differences in timing of initiation of apoptosis, 42 since the difference was still significant at 72 hours. p53 binds to Bcl-2 and Bcl-X L via its DNA binding domain. 40, 43 Our finding adds to the recent reports emphasizing the important role of transcription-independent over transcriptiondependent signaling in p53-mediated apoptosis. [44] [45] [46] Although the specific mechanisms governing transcription-dependent and transcription-independent pathways remain unknown, our findings suggest that transcription-dependent apoptosis does not always play a major role in p53-mediated apoptosis and that the activation of transcription-independent signaling is sufficient to induce p53mediated apoptosis in CLL.
We believe that our findings have important clinical implications. Chemotherapeutic agents used in CLL, such as chlorambucil, cyclophosphamide, and fludarabine, mediate cell death through DNA damage and p53-dependent apoptosis. 11, 47 Although combination treatment of fludarabine with other DNA-damaging chemotherapeutic drugs has improved complete remission rates in CLL patients, the irreversible genotoxic collateral damage may induce genetic instability, selection of drug-resistant tumor subclones, and secondary malignancies. Nutlin-3a synergized with fludarabine to induce p53-mediated apoptosis in CLL cells, while Nutlinmediated p53 activation is not dependent on DNA damage. The introduction of the nongenotoxic Mdm2 inhibitor may help to avoid or reduce the genotoxic side effects. More importantly, Nutlin-3a activated the p53 pathway and enhanced fludarabineinduced apoptosis in CLL cells independent of Atm status. Although the relationship between Atm protein expression and ATM mutations is not always straightforward, some authors have suggested that patients with CLL who have ATM mutations are refractory to chemotherapy. 48, 49 The advantage of nongenotoxic Nutlin-3a is further emphasized by the finding that transient induction of p53 response by blockade of the Mdm2-p53 interaction in normal somatic cells leads to reversible growth arrest, not apoptosis. 32, 50 Treatment of nude mice with Nutlin-3 at therapeutic dose levels was well tolerated without significant weight loss or any gross abnormalities upon necropsy at the end of the treatment. 27 These observations suggest that Nutlins could be well tolerated by patients with Nutlin-sensitive malignancies such as AML, 28 multiple myeloma, 32 and CLL in future clinical trials. Finally, CLL patients with mutant p53 cells, who would not benefit from Nutlins, have been recently reported to benefit from alemtuzumab, a humanized anti-CD52 monoclonal antibody. 51 
